Introduction
The search for renewable alternatives to petroleum-based products hasb ecome av ery active area of research as ar esult of the increasing environmentali mpacta nd economicv olatility of crude oil. Lignin, ab yproduct of pulpingp rocesses, has emergeda saprimary source of renewable aromatic feedstock. [1] Lignin is ah ighly abundantb iopolymeric material that is produced in large quantities in the pulping and cellulosic ethanol industries. [2] It currently represents 30 %o fa ll nonfossil organic carbon on earth and its availability would exceed by 20 billion tons each year. [3] Despite an estimated 50 million tons of lignin extracted annually,only 2% of lignin is converted into value-added commoditiesi ncluding dispersants, adhesives, and surfactants. [3, 4] In addition to the high abundance, lignin has many desirable physiochemical characteristics including al arge number of functional groups. As lignin has such aw idev ariety of reactive units arising from its monomeric structure including phenol,e ther,c arboxylic acid, and ÀOH functional groups, [5] one can render lignin functionalized for specific applications,s uch as flocculants, [6] dispersants, [7, 8] binders, [9, 10] adhesives, [11] hydrogels, [12] and composites. [13] Owing to its biodegradability,i ts antioxidant and antimicrobial properties, as well as its reinforcing capabilities,l ignin can be an excellent candidatef or new polymer composite materials. However,i ts poor thermals tability and difficulties in melting performance mean its direct use in composite production is not preferred. For these reasons, most lignin applications focus on modified lignins rather than unmodified lignin produced in pulping processes. [14] Although there are many different ways to modify lignin, the focus of this work is on graftcopolymerization, where lignin acts as the macro-initiator fort he polymerization, and the polymeri sb uilt from the lignin core. Lignin's hydroxyl groups can initiate ring-opening polymerization (ROP) of e-caprolactone, yieldingl ignin-poly(caprolactone). [15] Lignin copolymers can also be generated using free radicalp olymerization, grafting vinylic monomers onto the lignin backboneu sing ac hemical initiator. [16] [17] [18] [19] This technique has been used to generate lignin-polystyrene, [20] lignin-polyacrylamide, [21] lignin-poly(acrylic acid), [19] and lignin-poly(vinyl acetate). [20] Both lignin-poly(acrylic acid) and lignin-poly(acrylamide) are water soluble products,w hereas lignin-poly(styrene) is water insoluble and has been used as ab iodegradable wood coating to reduce water sensitivity and increase the binding strengtho fp oly(1-phenylethylene) plastic coatingso n wood. [19, 22, 23] The thermalp roperties of these copolymers were reported to depend on the length of the poly(caprolactone) chain.Lignin-polylactic acid (PLA) copolymers were synthesized in the presenceo fa no rganic catalystw itht he thermal properThe search for ar enewable substitute to petroleum-based products has fueled increasing research on lignin, an under-utilized product from pulpingp rocesses.I nt his work, lignin was copolymerized with acrylamide (AM) and diallyldimethylammonium chloride (DADMAC) under acidic conditions with Na 2 S 2 O 8 as an initiator,g enerating ac ationicw ater-solublel ignin-g-P(AM)-g-P(DADMAC)c opolymer.T he optimal reactionc onditions, using a5 4f actoriald esign experiment, were determined to be an AM/DADMAC/lignin molar ratio of 5.5:2.4:1, 90 8C, 0.26 mol L À1 of lignin, and pH 2. Under the optimal reaction conditions, the resulting lignin-g-P(AM)-g-P(DADMAC)c opolymerw as 83 %s oluble in an aqueous solution (at 10 gL À1 ) and at neutral pH. The copolymer had ac harged ensity of 1.27 meq g À1 ,m olecular weighto f( 1.33 AE 0.08) 10 6 ,a nA M graftingr atio of 112wt%,a nd aD ADMACg rafting ratio of 20 wt %. In addition, the activation energy for producing this copolymer as well as the thermal and rheological properties of the copolymer were determined. The flocculation performance of lignin-g-P(AM)-g-P(DADMAC) copolymer was evaluated in a kaolin suspension,w hich showed that the lignin copolymer had ac omparable flocculation efficiency with the synthetic analogue of P(AM)-g-P(DADMAC)a tp H6.
ties of the copolymer improving with the weight fraction of lignin in the copolymer. [16] The first objective of this study was to investigate the rheological and thermalp roperties to understand if the lignin copolymer can be used in composites.
Wastewater treatment systemsa re integrated parts of many chemicalp rocessesa nd municipalities. The current technology relies heavily on either inorganic salts (i.e. alum, FeCl 3 )o rp etroleum-based synthetic polymers including poly(acrylamide) (PAM), cationic poly(acrylamide) (CPAM), and anionic poly(acrylamide) (APAM). [24] Although these systems are efficient, inorganic salts are toxic and produce large quantitieso fs ludge, and synthetic polymers are nonbiodegradable and their respectivemonomers can be toxic. [24] Lignin can be incorporated in flocculant production for wastewater treatment systems. Ah ighly cationic organosolv lignin wasp roduced by graftingg lycidyltrimethylammonium chloride( GTMAC)o nh ardwoodl ignin, and the product was found suitable for sulfate removal and kaolin settling. [25] Lou and co-workersp repared an ecofriendlyf locculant by synthesizing chitosan, acrylamide, and lignin, andt he copolymer showedp romising results for dyer emoval. [26] In another study, lignin-based coagulant was produced by grafting diallyldimethylammonium chloride( DADMAC) and acrylamide (AM) onto lignin collected from papermaking sludge, and the product was successfully used along with polyferric chloride and polyaluminum chloride for the removal of humic acid in ac oagulation/ultrafiltration process. [27] Kraft lignin can also be used in the production of flocculants;however,kraft lignin is only soluble in aqueous solutions at ap Hh igher than 11.K raft lignin can be converted to water-soluble flocculants through chemical modification (oxidation, sulfomethylation, carboxymethylation and co-polymerization). [7, 19, 28, 29] The cationic modification of kraft lignin by epoxide ring-opening using GTMAC [28] and the Mannich [30] reactionh as been studied extensively in both organic and aqueous media (alkaline pH). The graft copolymerization of kraft lignin with AM, methacryloxyethyl trimethylammonium chloride (DMC)a nd DADMAC has also been assessed in organic solvents for their potentialu se as af locculant in wastewater treatment. [20] However,t he copolymerization of kraft lignin under aqueous conditions has yet to be studied. [31] The second objective of this study was to produce at riblock copolymer of kraftl ignin, AM, and DADMACi na na queous medium, yieldingacationic water-soluble polymer.
The main novelty of this work was the copolymerization of kraft lignin, acrylamide, and DADMAC, in which the reaction conditions wereo ptimized in aqueous media using a5 4f actorial design methodology.T he structural, thermal, and rheological properties of the produced copolymer were compared with those of synthetic copolymer of AM and DADMAC. In addition, the flocculation efficiency of the lignin copolymer was compared with that of the synthetic copolymers. In this work, the synthesis and characterization of ag reen chemical, kraft lignin-based copolymer, was comprehensively discussed.
Results

Reaction Mechanism
The free radical copolymerization of lignin, acrylamide, and DADMAC using sodium persulfate as the free-radical initiator was performed under an N 2 atmosphere.T he copolymerization mechanism of lignin is shown in Scheme 1. Softwood kraft lignin consists of mostly coniferyl alcohol groups, and this was chosen as the site of propagation forlignin, as this is the dominant repeating unit presenti ns oftwood lignin. [30] The thermal decomposition of sodium persulfate into two sulfate radical anions (SO 4 ·À )c onsists of the initiations tep in the polymerization (Scheme 1i). [31] The free radicalg enerated from the thermal decomposition of sodium persulfate can then be transferred to either lignin, DADMAC, or AM present in the reaction mixture. When the free radical is transferred to lignin, it will attack the hydroxyl group on the phenyl ring generating a phenoxy radical(Scheme1ii)along with the corresponding resonances tructures. [32] The phenoxy radicals present will then react with the acrylamidem onomers to form the initial propagating lignin-PAMC chain, which can then continue further to react with the DADMAC monomers present in the reaction mixture (Scheme 1iii-iv). In addition to forming the triblock lignin-PAM-PDADMACc opolymer,t he diblock copolymers P(AM)-g-P(DADMAC),l ignin-g-P(AM), and lignin-g-P(DADMAC) propagate during the reaction mixture, as shown in Scheme 1 vi to viii. Finally,t he propagating lignin-g-P(AM), lignin-g-P(DADMAC), lignin-g-P(AM)-g-P(DADMAC), and P(AM)-g-P(DADMAC) can react with each other to produce either lignin-g-P(AM)-g-P(DADMAC)o rP (AM)-g-P(DADMAC), terminating the polymerization. Additionalp olymer termination during the reaction also includes disproportionation and chain transfer. [19] 2.2. EffectsofR eactionC onditions on Lignin-g-P(AM)-g-P(DADMAC) Copolymer A5 4f actorial experiment was designed to determine the optimal reaction parameters for the copolymerization of lignin with DADMACa nd AM. The reactionc onditions and resulting copolymer properties can be found in Ta ble 1, the analysiso f variancec an be found in Ta ble2,a nd the elemental analysis of lignin,P (AM)-g-P(DADMAC), andl ignin-g-P(AM)-g-P(DADMAC) can be found in Table 3 .
Orthogonal Design Analysis
An orthogonal experimental design was used to determine the optimal process parameters, which would have as ignificant effect on the chargedensity and solubility of the lignin copolymer.T he sum of squared deviation (SS), mean squared( MS), F value,a nd probability can be found in Table 2 . When the F value is large and the model probability > F is lesst han 0.05, the process parameters will have as ignificant effect on the yield, charge density,s olubility,a nd graftingr atio of the resulting lignin copolymer.A ss een from the F test in Ta ble 2, the in- fluence of the reaction conditions on the charge density was in the order of temperature > pH > DADMAC, but time and the AM concentration did not have as ignificant effect on the charge density.T he reactiont emperature was the most important determinant of charge density,w hereas time was not an important factor indicating that the reaction was most likely completed in 2h.E xamining the F values and probability > F for solubility results, the influence of the reaction conditions on solubility was in the order of AM > temperature > DADMAC > pH > time. The dosageo fA Mw as found to be the most important determinants for the solubility of the lignin-g-PAM-g-PDADMAC copolymer.The optimal conditions for the lignin copolymer productionw ere 0.26 mol L À1 of lignin, 1.4 mol L À1 of AM, 0.6 mol L À1 of DADMACa t9 08C, pH 2f or 2h.T he model analysisp redictedal ignin copolymer with 80 wt %s olubility and 1.5 meq g À1 charge density.H owever,t he experimentalr esults led to ac opolymer with am aximum charge density of 1.27 meq g À1 and solubility of 83 wt %u nder these conditions. Figure 1s hows ln k versus1 / T for various reactions for the copolymerization of lignin-g-P(AM)-g-P(DADMAC), lignin-g-P(AM), andl ignin-g-P(DADMAC). From the slope of the curves, the activatione nergy of lignin copolymer wasf ound to be 212 kJ mol À1 .T his activation energy was significantly higher than those for the homopolymerization of DADMAC (100.5 kJ mol À1 ), [33] the homopolymerization of AM (45 kJ mol À1 ), [34] the copolymerization of DADMACa nd lignin (116 kJ mol ). In addition, the reactivity ratios of AM is 7.14, Scheme1.Copolymerization mechanism of lignin with acrylamide and diallydimethyl ammonium chloride.
ChemistryOpen 2018, 7,645 -658 www.chemistryopen.org 2018 The Authors. Publishedb yWiley-VCH Verlag GmbH &Co. KGaA, Weinheim whereas that of DADMACi s0 .22. [33] Thus, the incorporation of AM into the copolymer enables DADMACt ob ei ncorporated more readily into the lignin copolymer. [33] 2.3. Effect of Reaction Conditions on Charge Density Figure 2s hows the effect of reaction conditions on the charge density,y ield, ands olubility of copolymer.T he factors that had as ignificant effect on the charged ensity of the copolymer [a] Based on a1wt %aqueous solution. Table 3 . Elemental analysis of lignin, P(AM)-g-P(DADMAC),and lignin-g-P(AM)-P(DADMAC).
Charge were pH, temperature,a nd the dosage of DADMAC. Time and dosageo facrylamide did not affect the overall charge density of the lignin copolymer. By increasing the reactiont emperature from 60 to 90 8C, the resulting charge density increased from À0.18 to 0.92. It was stated that DADMACm onomer had as low reactivity and high activation energy. [33] Increasing the temperature of the reaction mixture allows for an increasei n the amount of DADMAC monomer incorporated into the resulting copolymer.B yc onducting the reaction at al ow pH, a copolymer with ah igh positive charge density (0.88 meq g À1 ) was produced. When the reaction wasc onducted at pH 5, the lignin copolymerh ad an average charged ensity of À0.04 meq g
À1
.W hen the reaction was conducted at higher pH values, the hydrolysis of the acrylamide andd egradation of the quaternary ammonium ring group of DADMAC would occur. [35, 36] In other words,t he decrease in positive charge density is attributedt o1 )the hydrolysis of the acrylamide monomer as the amide groups could be converted to carboxylic acids groups and 2) the loss of the quaternary ammonium groups in the DADMAC monomer.T he amount of acrylamide added to the reactionm ixture had an insignificant effect on the overall charged ensity of the resulting copolymer,a st he dosageo facrylamide wasi ncreased from 0.35 to 1.4 mol L À1 , but the charge density of the lignin copolymer increased slightly from 0.39 to 0.52 meq g À1 ,r espectively. [33] Although acrylamide is an eutral monomer and does not contribute to the overall charge density of the lignin copolymer,t his slight increasei nc harge density is associated with the fact that acrylamide most probably helped cross-linked DADMAC to lignin. [33] The high reactivityratio of acrylamide suggests that acrylamide reacts with other acrylamide monomers, whereas DADMAC monomers with ar elativelyl ow reactivity ratio have higher tendency to react with acrylamidet han with DADMAC monomers. [33, 37] Thus, the higher concentration of acrylamide present in the reactionm ixture,t he more DADMAC monomerc an be incorporated into the copolymer,i ncreasing the overall charge density of the copolymer. [33] Extending the reaction time for the copolymerization had as lightly negative effect on the overall positive charge density of the resulting copolymer. When the reaction time was extended from 2t o5h, there was ad ecrease in the charged ensity from 0.51 to 0.27 meq g
,r espectively.This decrease in charge density is most likely caused by the hydrolysis of acrylamide after an extended period of time and the hydrolysis of the ether linkage between lignin and P(AM)-g-P(DADMAC)p ortiono ft he copolymer.T his phenomenon was observed in the copolymerization of lignosulfonate-acrylonitrile-methyl methacrylate copolymers (i.e. isolated polyacrylic chainsf rom the copolymer). [38, 39] 
Effect of Reaction Conditions on Yield
The reactionc onditions that more significantly affected the overall yield of the lignin copolymer were the pH, reaction temperature, and reaction time. Decreasing the pH from 5t o2 tendedt oi ncrease the yield of the copolymer from 24 to 44 %. By decreasingt he pH of the reaction mixture, the amount of acrylamide and DADMACi ncorporated into the lignin copolymer increased.AtalowpH(e.g. pH 2), lignin has alow solubility with limiteda ffinity to act as af ree radical scavenger,t hus increasing the half-life of radical initiator and the propagating radicalc hain. [40] Increasing the reaction temperature from 60 to 90 8Cs ignificantly increased the yield of the lignin copolymer www.chemistryopen.org from 18 to 42 %. The increasei ny ield is attributed to the fact that this reaction had ah igh activation energy and elevated temperatures are required to overcome this energy barrier. In addition, the reactivity of DADMAC is very low and highertemperatures are required for initiating its copolymerization. [33] Extendingt he reaction time from 2t o5hi ncreased the yield of lignin copolymer from 28 to 38 %. Owing to the sluggish nature of this copolymerization, at ime extension would allow for an increase in the graftingo fa crylamidea nd DADMAC onto lignin. Figure 3s hows the effect of reaction conditions on the grafting ratio of lignin copolymer. It is seen that the dosage of AM in the reaction mixtureh ad as ignificant effect on the grafting ratio of both AM and DADMACo nto lignin. As the concentration of AM in the reaction mixture increased from 0.35 to 1.41 mol L
EffectsofR eaction Conditions on the Grafting Ratio
À1
,t he amount of AM graftedo nto the lignin increasedf rom 36 to 92 %. In addition, the increased concentration of AM enabled as lightly higherg raftingr atio of DADMAC onto the lignin backbone. Thes light increase in the grafting ratio of DADMAC is also reflected in the charged ensity increase from 0.39 to 0.52 meq g À1 . As the concentrationo fD ADMAC increased in the reaction mixture from 0.15 to 0.62 mol L
,t he grafting ratio of DADMACo nto lignin increasedf rom 4.5 to 16.5 %, and the charge density of lignin copolymer was increased from 0.26 to 0.79 meq g
.I na ddition, as the grafting ratio of DADMACi ncreased, the graftingr atio of AM decreased from 85 to 55 %. The decrease in AM is most likely causedb yadecrease in AM amount relative to lignin and DADMACi nt he copolymer.
As the pH of the reactionm ixture decreased from 5t o2 , the grafting ratio of both DADMACa nd AM increased significantly.A tp H5,t he grafting ratio of AM was 50 %a nd it increasedt o7 2% when the pH dropped to 2. In the same vein, the graftingr atio of DADMAC increased from 3t o1 7% when pH dropped from 5t o2 .T he increase in grafting ratio for both AM and DADMAC at al ow pH was attributed to the fact that, at higher pH values, the hydrolysis of both the amide and quaternary ammonium groups may occur,t hus decreasing the nitrogen content of the lignin copolymer. [35, 36] Also, at higher pH values, the graftedp olymer can be cleaved from the lignin backbone, and hence decreasing the graftingr atio of both AM and DADMAC. [38] The effects of reaction temperature on the graftingr atio of DADMAC and AM can also be observed in Figure 3 . As the temperature of the reaction mixture increased from 60 to 90 8C, the grafting ratio of AM increased significantly from 13 to 86 %a nd the grafting of DADMAC increased from 0t o1 7%. The increase in graftingr atio of both AM and DADMACu pon increasing the reactiont emperature was attributed to the high activation energy for this lignin copolymerization. High temperatures werer equired for initiating and propagating the copolymerization of both DADMACand AM onto lignin. [33] Time had only as light effect on the graftingr atio of both AM and DADMAC. As time extended from 2to5h, the grafting ratio of DADMACd id not change significantly,b ut the grafting ratio of AM decreased from 70 to 50 %. The decrease in the grafting of AM could be the result of hydrolysis of the amide bond.O nce the amide bond has undergone hydrolysis, the nitrogenc ontento ft he lignin copolymer and hence the grafting ratio will decrease.
Ta ble 3l ists the properties of unmodified lignin, lignin-g-P(AM)-g-P(DADMAC),a nd P(AM)-g-P(DADMAC). The lignin copolymer was produced under the optimal conditions of an AM/DADMAC/lignin molarr atio of 5.5:2.4:1 at 90 8C, 0.26 mol L À1 of lignin at pH 2. It can be seen that unmodified lignin did not have nitrogen, but the lignin copolymerc ontained about 12 wt %n itrogen originating from AM and DADMAC. The hydrogen content of the copolymer was slightly higher than that of unmodified lignin. Compared with lignin copolymer, P(AM)-g-P(DADMAC) had slightly higher carbon,hydrogen,a nd nitrogen, which led to slightly higherc harged ensity.The results also indicatethat the lignin-basedp olymer had as maller molecular weightt han synthetic polymer implying that the participation of lignin in the reaction hampered the progress in polymerization of AM and DADMAC. As can be seen, the incorporation of lignin in P(AM)-g-P(DADMAC)p olymer also reduced the overall charged ensity of the polymer, which might be associated with reduction in progress during polymerization between AM andD ADMAC and the presence of lignin as uncharged materials, whichwould reduce the overall chargeoft he polymer.
2.6. Structural Analysis 2.6.1.
HNMR Spectroscopy
The 1 HNMR spectra of unmodifiedl ignin, P(AM)-g-P(DADMAC), and lignin-g-P(AM)-g-P(DADMAC) are depictedi nF igure 4. Examining the 1 HNMR spectrum of lignin shows that the peak at 9.4 ppm can be attributedt ot he aldehyde groups. [36] The peak at 8.5 ppm is attributed to the unsubstituted phenolic protons and the broad resonance between 6a nd 7.5 ppm is associated with the substituted phenolic protons, [38] which confirmed the generation of ap henoxy radical (Scheme 1ii) and, subsequently,t he reaction of the radical with AM and DADMAC monomers. The peak at 6-7 ppm is attributed to aromatic protons including the vinyl protonso nt he carbon adjacent to the aromatic ring. [38] The broad resonance of 3.25-3.81 ppm is assigned to the methyl protons and the resonancea t3 .36 ppm is attributed to the methylene protons in the b-b structure. [41] Examining the 1 HNMR spectrum of P(AM)-g-P(DADMAC) shows that the resonance from the P(DADMAC)p ortiono ft he copolymer occurs at 3.61 ppm, which is assigned to the ÀCH 2 À group in the five-membered ring. The peaks in the range of 2.84 and 3.06 ppm are attributed to the N-CH 3 protons and the resonance at 2.5 ppm is attributed to the ÀCHÀ proton. [42] [43] [44] The protons found in the main polymer backbone from both P(AM)a nd P(DADMAC)o ccurred at 1.6 and 2.2 ppm. [42] [43] [44] The 1 HNMR spectrum of lignin-g-P(AM)-g-P(DADMAC) depicts peaks that exist in the spectra of lignin and P(AM)-g-P(DADMAC). Thus,i tw as concluded that the lignin-g-P(AM)-g-P(DADMAC) copolymer contained lignin, AM, and DADMAC, as described in Scheme 1iii and 1iv.
FTIR Spectroscopy
The FTIR spectra of unmodified lignin,P (AM)-g-P(DADMAC), and lignin-g-P(AM)-g-P(DADMAC) copolymerp repared under optimal conditions is shown in Figure 5 . Both lignin and ligning-P(AM)-g-P(DADMAC) have absorption bands at 1266 and 1140 cm
À1
,a ttributedt ot he CÀOa nd CÀHs tretching frequency of the guiacylu nit, respectively. [35] The characteristic aromatic stretching bands of the lignin skeleton are also observeda t 1591, 1510, and 1425cm
. [38] Several new absorption bands appear in the spectrum of the lignin-g-P(AM)-g-P(DADMAC) copolymer,i ncluding as trong absorption at 3315 cm À1 attributed to OÀHu nsymmetricals tretch, 3015 cm À1 attributed to the CÀHs ymmetrical stretchi nN-CH 2 ,a nd 2940 cm À1 attributed to CÀHu nsymmetrical stretcho fC H 3 from the DADMAC portion of the copolymer, [40] indicating the grafting of DADMAC onto lignin (Scheme 1iva nd 1v). The stretching frequencies for the acrylamide portion in the lignin copolymer can be found at 3179 cm À1 associated with the NH 2 stretching vibrations, Figure 4 . 
HNMR spectra of P(AM)-g-P(DADMAC)(top), lignin-g-P(AM)-g-P(DADMAC) (middle), and kraft lignin( bottom).
ThermalProperties
The weightl oss andw eight loss rate of lignin, lignin-g-P(AM)-g-P(DADMAC), and P(AM)-g-P(DADMAC) can be found in Figure 6 .
All three samples weres table under 200 8C. Lignin was significantly more stable than both copolymers;h owever,t he lignin copolymer had as lightly higher thermals tability than the synthetic AM-g-DADMAC. This increase in thermals tability would be an advantage for its end-usea pplications. The increase in thermals tability is attributed to the presence of kraft lignin in the copolymer.T he unmodified lignin decomposed continuously above 200 8Cw ith a4 0% weight loss by 700 8C. The lignin copolymera nd synthetic polymer had three weight loss events in the temperature range of 200-330 8C, 340-440 8C, and 445-600 8C. At at emperature highert han 600 8C, only 2% of synthetic copolymer and 14 %o fl ignin copolymer remained. The first weight loss range 200-330 8Ci sf rom the releaseo fw ater,a mmonia, and small quantitieso fC O; however,t he polymer chain remains intact and most of the decompositiono ccurred at the pendant amide groups on the acrylamide portion of the polymer. [45] The second decomposition occurred between 330 and 440 8C, in which the main chain started to breakdown releasingc arbon dioxide, water,n itrile compounds, and imides. [46] In addition, the DADMACp ortion of the polymer chain begins to decompose and the quaternary ammonium salts releasea mmonia and an alkyl halide over 400 8C. [47] The glass transition (T g )o fl ignin, lignin-g-P(AM)-g-P(DADMAC), and P(AM)-g-P(DADMAC) were also determined and the resultsc an be found in Figure 7 . The results showed no T g for unmodified lignin;t his could be attributed to the fact that the T g of lignin may occur beyond the decomposition temperature of 200 8C. [48] However,t he lignin copolymer and synthetic copolymer had T g at 184 and 175 8C, respectively.The T g of lignin-g-P(AM)-g-P(DADMAC) was 9 8Ch igher than that of the synthetic copolymer,w hich is attributed to the presenceo f Figure 5 . FTIR spectraofk raft lignin (top), lignin-g-P(AM)-g-P(DADMAC) (middle), and P(AM)-P(DADMAC)(bottom). lignin that hardened the structure of the copolymer.T ou nderstand the properties of this newly developedc opolymer,t hermal analysisw as conducted, andt he results confirmed that the copolymerw as indeed more thermally stable than its synthetic analogue. These results would be advantageous for use of the lignin copolymer in composite productions.M oreover, the wastewater system of some chemicalp rocesses, for example mining, involves oxidation as well as acid and alkaline treatments at ah igh temperature. The thermala nalysisc onfirmed that the advantage of the copolymer over its synthetic analoguea st he copolymer may maintain its functionality and integrity more greatlyi nt hese processes.H owever,m ore studies are neededt obetter understand the stabilityoft he copolymer under different conditions, for example pressure and acidity,which is out of the scope of this study. [49] [50] [51] 
Solubilityand RheologicalProperties
The pH of the solutionh as as ignificant impact on the solubility of lignin-based products and their potentialend-useapplications. The effect of pH on the solubility of unmodified lignin and the lignin copolymer was investigated and is shown in Figure 8 . The solubility of both unmodified lignin and lignin copolymer was carriedout in a1wt %s olution. This concentration wasc hosen because of al ow dosager equirement for flocculant use in wastewater treatment systems. Both unmodified lignin and the lignin copolymera re soluble at pH values higher than 12;h owever, unmodified lignin becamei nsoluble at ap Hl ower than 11. [52] The solubility of lignin copolymer dropped to 60 %a tp H6 and to 40 %a talower pH. The improvement in the solubility of the lignin copolymerw as attributed to the presence of water soluble component on the lignin copolymer backbone, that is,A Ma nd DADMAC. However,t he results show that the copolymerization was not sufficiently efficient to make the lignin copolymer1 00 %w ater soluble. [37, 53] The dynamic viscosity of the lignin copolymer produced under optimal conditions was evaluated at different concentrations and pH values, and the results are shown in Figure 9 . The rheological properties of the copolymer are important ford etermining the flow of the polymer in solution. Generally,f locculants must be pumped into wastewater treatmentp lants, and al essv iscous polymer would be preferred for this application. The viscosityo ft he lignin copolymer at pH 12 and 30 gL À1 was 5.69 Cp, which was highert han that of unmodified kraft lignin (2.30 Cp). However, P(AM)-g-P(DADMAC)p repared under the same optimal conditions had am uch higher viscosity of 35.5 Cp.T his difference in viscosity is causedb y the difference in the molecular weight of the lignin-g-P(AM)-g-P(DADMAC) and P(AM)-g-P(DADMAC), as discussed earlier.F urthermore, pH did not have as ignificant effecto nt he viscosity of the lignin-g-P(AM)-g-P(DADMAC) copolymer,s uggesting there was no reconfirmation or self-aggregation of the copolymer at differentpHv alues under the conditions studied.
In another attempt, the viscosity of the copolymer at various shear rates were analyzed, as shown in Figure 10 . The results showed that the viscosity decreased with an increase in shear rates, demonstrating that the lignin copolymer exhibited shear thinning behavior.T his is consistent with the rheologicalp roperties of kraft lignin and P(AM)-g-P(DADMAC), both of which exhibited shear thinningb ehavior. [45, 46] 
Flocculation
The flocculation efficiency of lignin, lignin-g-P(AM)-g-P(DADMAC), and P(AM)-g-P(DADMAC)w ere investigated by using a0 .25 %k aolin suspension, and the results are shown in Figure1 1 .
The optimal dosage of P(AM)-g-P(DADMAC)t ok aolin suspension was found to be 0.2 mg g À1 ,w hich reduced the relative turbidity of the kaolin solution by 93 %. However,t he lignin copolymer reduced the relative turbidity by 95 %a ta .T he lignin copolymer had almost4 0wt% lignin and 60 %s ynthetic monomers, but the synthetic copolymer was produced from AM and DADMAC (100 %s ynthetic monomer).
At adosage of 0.4 mg g À1 ,the efficiency of the lignin copolymer and synthetic copolymer was similar, implying that the use of lignin copolymer will be beneficial, as it reduces the use of synthetic monomersb y4 0%.T he flocculation of kaolin can occur through several different mechanisms, including bridging, charge neutralization, hydrophobic/hydrophobic interactions, and patch mechanisms. [53] [54] [55] Owingt ot he high molecular weight of the polymer,b oth bridging and patch mechanisms are responsible for the flocculation of kaolin. [56] Kraft lignin had ap oor flocculation performance, which is attributed to the overall negative charged ensity of lignin originating from the carboxylate groups and its poor solubility at neutral pH. [14] Lignin-g-P(AM)-g-P(DADMAC) has shownt ob ea ne fficient flocculant for kaolin suspensions andc ompared to its synthetic copolymer,i ti saless expensive ande nvironmentally friendlya lternative.
It is also seen that lignin-g-P(AM)-g-P(DADMAC) was less soluble under acidic conditions at ac oncentration of 1gL
À1
. Therefore, its functionality as af locculant may be hampered if used at this concentration and acidic pH. However,f locculants including lignin-g-P(AM)-g-P(DADMAC) would be used at a very low dosage in wastewater treatment systems. This lower concentration would have am inimal effect on the solubility and, thus, use of the copolymer as af locculant at acidic pH. However,f urther investigation is neededt od etermine the correlationb etween the functionality and concentration of this copolymer at different pH, which is out of the scopeo ft his study.
Ta ble 4l ists the statuso fc ationic flocculants used in wastewater treatment systems. With ar elatively high molecular weighta nd ac omparable charged ensity,t he flocculants ynthesized in this studyr equiredamuch lower dosaget han other flocculants in other studies to achieve an acceptable removal. In addition, in opposition to other systems, lignin-g-P(AM)-g-P(DADMAC) does not need ad ual polymer system to achieve an acceptable performance. Therefore, the generated copolymer may be ap romisingf locculant for various wastewater systems.
Discussion
Owingt ot he increased thermals tability and higher T g temperature of the lignin copolymer (compared to that of the synthetic copolymer), the lignin copolymer could have potential applicationsi nc omposites and thermoplastics, as these polymers could be used at higher temperatures with lessrisk of decomposition. [49] Additionally,l ignin-g-P(AM)-g-P(DADMAC) could have potential as af locculant for industrial wastes, for example tailing pond or wastewater effluents.A sm entioned above,t he lignin copolymer performed very similarly to the synthetic copolymer in terms of flocculating kaolin particles in as uspension under dynamic conditions. The advantages of using the lignin copolymer over the synthetic copolymer is that the lignin copolymer is more biodegradable and environmentally friendly,and probablyl ess expensive to produce.
Conclusions
The synthesis of lignin-g-P(AM)-g-P(DADMAC) copolymer was successful. The FTIR, 1 HNMR, ande lemental analyses provided furthere vidence that lignin was copolymerized with both AM and DADMAC. The activation energy for the copolymerization of lignin-g-P(AM)-g-P(DADMAC) under the optimal conditions was determined to be 212 kJ mol
À1
,w hichi ss ignificantly higher than that of lignin-g-P(AM)a nd lignin-g-P(DADMAC). The optimal copolymerization conditions weref ound to be AM/DADMAC/lignin ratio of 5.5:2.4:1 molar ratio at 90 8C, 0.26 mol L À1 of lignin at pH 2. The lignin copolymer produced under the optimal conditions was 83 %s oluble in an aqueous solution at 10 gL À1 and neutralp H, had ac hargeo f 1.27 meq g À1 ,a nd an AM graftingr atio of 112% and DADMAC Figure 10 . Viscosity of lignin-g-P(AM)-g-P(DADMAC) copolymer,l ignin,a nd P(AM)-g-P(DADMAC)s olution at 30 gL À1 as af unction of shear rate at 25 8C. graftingr atio of 26 %b ym ass. The rheologicala nalysis confirmed that lignin-copolymer increased the viscosity of water less significantly than synthetic copolymer,a nd lignin copolymer had shear thinning behavior.T hermogravimetric analysis showedt hat the incorporation of AM and DADMAC reduced the thermal stability of lignin;h owever,t he thermals tability of lignin copolymer was greater than that of the synthetic copolymer. T g waso bserved at 184 8Cf or the lignin copolymer,w hich was slightly lower than that of the synthetic copolymer (175 8C). In addition, the lignin copolymer was provent ob ea n effectivef locculant for ak aolin suspension, but its efficiency was inferior to synthetic copolymer( Ta ble 4).
Experimental Section Materials and Methods
Softwood kraft lignin was produced by the LignoForce TM technology of FPInnovations in Thunder Bay,O N, and was used as received. [47] Diallyldimethylammonium chloride (65 wt %inwater), acrylamide, acetic anhydride, sodium persulfate, pyridine, dimethyl sulfate, 2-chloro-4,4-5,5-tetramethyl-1,2,3-dioxaphospholane, chromium(III) acetylacetonate, CDCl 3 ,p olydiallyldimethyl-ammounium chloride (PDADMAC, 100 000-200 000 gmol À1 ), internal standard trimethylsilyl propionic acid-d, sodium hydroxide, all analytical grades, were obtained from Sigma Aldrich and were used without any further purification.
Copolymerization of Kraft Lignin with AM and DADMAC
A2 .0 gs ample of lignin was added to 40 mL of deionized water in 250 mL three-neck round bottom glass flasks. [60] As pecified amount of AM and DADMAC was then added to the same glass flasks and the pH was adjusted accordingly with a2 5wt% solution of H 2 SO 4 (aq) with continuous stirring at 500 rpm. The reaction mixture was purged for 20 min with nitrogen, and then 30 mg of Na 2 S 2 O 8 was dissolved in 5mLo fH 2 O, which was then added to the reaction mixture. The reaction was then purged with nitrogen for an additional 10 min, stirring at 500 rpm. [60] The reaction mixture was then submerged into ah eated water bath. The copolymerization was repeated under varying reaction conditions including temperature (60, 70, 80 , and 90 8C), time (2, 3, 4, 5h), pH (2, 3, 4, and 5), AM to lignin molar ratio (2.6, 5.2, 7.8, 10.4 mol/mol) and DADMAC to lignin molar ratio (1.16, 2.32, 3.48, 4 .64 mol/mol), and 500 rpm. The mole number of lignin was determined based on the molar mass of C9 monomeric unit of lignin (i.e. 180 gmol
À1
). Upon completion, the reaction mixture was cooled to room temperature and mixed with 400 mL of 95 %e thanol, resulting in the precipitation of kraft lignin-based copolymers. [53, [60] [61] [62] The precipitates were washed with 50 mL of 95 vol %e thanol, and then dried in a1 05 8C oven overnight. The yield of the copolymerization reaction was determined based on the mass of collected lignin-g-P(AM)-g-P(DADMAC) and initial masses of lignin, AM, and DADMAC used in the copolymerization reaction. [53, 60 À62] 
Synthesis of P(AM)-g-P(DADMAC) Copolymer
The copolymer of P(AM)-g-P(DADMAC) was synthesized under the optimized conditions determined for lignin-g-P(AM)-g-P(DADMAC). A4 .0 gs ample of acrylamide and 6.15 go fD ADMAC (65 %wts olution) were added to a2 50 mL three-neck glass flask containing 40 mL of water.T he pH of the reaction mixture was adjusted to 2 by using 30 wt %H 2 SO 4 ,w hich was then purged with nitrogen for 20 min. A3 0mgs ample of N 2 S 2 O 8 was then dissolved in 5mLo f H 2 O, and subsequently added to the reaction mixture. The reaction mixture was purged with nitrogen for 10 min while stirring at 500 rpm. The reaction mixture was next submerged into a9 0 8C water bath for 2h.Upon completion, the reaction mixture was precipitated into 300 mL of acetone. The precipitated product was isolated and dried in an oven overnight at 105 8C. This product was used as the synthetic analogue of the lignin-g-P(AM)-g-P(DADMAC) copolymer.
Experimental Design
AT aguchi orthogonal array was used to determine the maximum charge density,s olubility,y ield, and grafting ratio for the lignin copolymer under the optimized conditions. An L 16 orthogonal experimental design was generated with five factors and four levels (5 4) to determine the optimal conditions. The analysis of the variance model (ANOVA) using the F test was used to determine which parameters significantly affected the copolymerization and which effect produced the highest charge, solubility,y ield, and grafting ratio. The sample variance is defined in Equation (1): [63] 
where P ðy i À y Þ refers to the SS deviation from the mean, 1 ðnÀ1Þ is the degrees of freedom (df), and S 2 refers to the mean square.
The F test measures the significance of variance for af actor which is determined by Equation (2): [63] 1.27 kaolin suspension 1turbidity removal:9 5% lignin-base dimethylamineacetone-formaldehyde copolymer [6] where MS F is the mean square of the factor and MS E is the mean square of the error.I ft he variance due to the factor (MS F )i sh igher than the variance due to the error (MS E ), the factor will have a greater effect on the response. The larger the number generated from the F test, the greater the effect that factor has on the reaction conditions and the lignin copolymer product. The probability factor (probability > F)i sa ni ndication of the chance for the F values to occur due to noise. When the probability factor for the model was less than 0.05, the model terms were significant. The R 2 value is am easure of how close the experimental observations fit the theoretical results.
Solubility
The solubility of the lignin-g-P(AM)-g-P(DADMAC) copolymer was determined by adding 0.2 go fl ignin copolymer to 20 mL of distilled water.T he suspension was stirred at 300 rpm for 2h.U pon completion, the solution was centrifuged at 1000 rpm for 5min.
The supernatant was then dried in an oven overnight at 105 8C.
The solubility of the lignin copolymer was reported as aw eight percentage (wt %), as this represents the amount of original lignin that was solubilized. [53, [60] [61] [62] 
ChargeDensity
Approximately 0.2 go ft he lignin-g-P(AM)-g-P(DADMAC) copolymer was dissolved in 20 gofw ater,and the solution was stirred for 2h at 300 rpm. The suspension was then centrifuged at 1000 rpm for 5min. The supernatant was collected and used for ac harge density analysis. [53, [60] [61] [62] The charge density of the copolymer was measured using ap article charge detector,M ütek PCD 04 titrator (Arzbergerstrae, Herrsching, Germany) with PVSK (0.005 mol L
À1
)a s the titrant. The reported data in this paper are the averages of three runs.
Elemental Analysis
Kraft lignin used in the study had an egligible nitrogen content. The nitrogen content found in the lignin-g-P(AM)-g-P(DADMAC) copolymer was attributed to the nitrogen present in the AM and DADMAC grafted onto the lignin backbone. Therefore, the nitrogen content of the copolymer corresponds to the grafting ratio of AM and DADAMC onto kraft lignin. The higher nitrogen content, the higher grafting ratio of the monomers on the lignin copolymer would be obtained. The elemental analysis was conducted on all samples to determine the overall nitrogen content of the copolymers and used to determine the optimal reaction conditions. The elemental analysis of the copolymer was performed using aV ario Micro Select elemental analyzer.T he grafting ratio of AM and DADMAC to lignin was calculated using Equation (3) to obtain the total grafting ratio. The DADMAC content of the copolymer was determined from the charge density measurement, as DADMAC is the only part of the copolymer that contributes to the cationic charge density of the copolymer (a charge density of + 1meq g À1 equals to 1mmol g À1 of DADMAC). By subtracting the nitrogen content of the copolymer associated with DADMAC from the overall nitrogen content of the copolymer,t he nitrogen content of AM portion of the copolymer was determined [Eq. (4) . The grafting ratio of acrylamide was then calculated using Equation (5): [22, 60] Overall nitrogen ðmmol g -1 Þ¼ Grafting ratio Structural Analysis
FourierT ransform Infrared(FTIR)
The FTIR spectra of lignin, lignin-g-P(AM)-g-P(DADMAC), and P(AM)-g-P(DADMAC) were recorded using aB ruker Te nsor 37 FT-IR spectrophotometer.E ach spectrum was recorded in at ransmittance mode with 32 scans in the frequency range of 600 and 4000 cm À1 with a4cm À1 resolution.
NMR Analysis
The structure of lignin, lignin-g-P(AM)-g-P(DADMAC), and P(AM)-P(DADMAC) were analyzed using 1 HNMR spectroscopy.T he samples were dissolved in D 2 Oa tp H1 1.
1 HNMR spectra of these samples were recorded using an INOVA-500 MHz machine (Varian, USA) with a458 pulse and arelaxation delay time of 1.0 s.
Activation Energy Analysis
The activation energy was determined by using the Arrhenius Equation [Eq. (6)]:
where k is the rate constant of the chemical equation, A is the collision frequency factor, DE is the activation energy of the copolymer, T is the absolute temperature, and R is the universal gas constant (8.314 Jmol HNMR and the integrated area under the resonances originating from the allyl groups in both acrylamide and DADMAC monomers between 5-6 ppm were considered for copolymerization analysis. These values were then compared with the integrated area of an internal standard trimethylsilyl propionic acid-d.
[4] The consumption of monomer was then plotted against time and the slope was taken as the rate of copolymerization (k). Plotting ln k versus 1/T (K), as traight line was achieved with the slope representing the apparent activation energy of the copolymers. The TGA of lignin, lignin-g-P(AM)-g-P(DADMAC), and P(AM)-g-P(DADMAC) was performed by using at hermogravimetric analyzer, Instrument Specialist, i1000, in order to characterize the decomposition temperature of these samples. The samples were heated from room temperature to 700 8Ca tt he heating flow rate of 10 8Cmin
À1 under nitrogen at the flow rate of 100 mL min
À1
. [61] Differential Scanning Calorimetry (DSC)
The thermal properties of the unmodified lignin, lignin copolymer and synthetic copolymer were investigated using ad ifferential scanning calorimeter,T Ai nstrument, Q2000, and the standard cell RC mode of DSC was used for analysis. The samples were treated at 60 8Ci na no ven for removing moisture, and then 8-10 mg of the dried samples were loaded into Tzero aluminum pan and analyzed by using ah eat/cool/heat method in at emperature range of À20 to 200 8Ca t5 0mLmin À1 in nitrogen:t he heating and cooling rate were both controlled at 10 8Cmin
,a nd the second heating cycle (showed as exotherm up) was chosen for glass transition and melting point analyses. Glass transition temperatures (T g )w ere obtained from the second heating cycle of DSC analysis.
ViscosityAnalysis
The viscosity of lignin, lignin-g-P(AM)-g-P(DADMAC), and P(AM)-g-P(DADMAC) were measured at different concentrations and 25 8C using aD iscovery hybrid DHR-2 rheometer with ac oncentric cylinder.T he measurements were conducted in an aqueous solution at varying pH values and 25 8C. Varying concentrations of the ligning-P(AM)-g-P(DADMAC) copolymer were used at different pH values, and the sheer rate was adjusted from 1t o1 50 s -1 every 2min.
Flocculation of Kaolin Suspension
Ap hotometric dispersion analyzer (PDA, PDA 3000, Rank Brothers, UK) connected to ad ynamic drainage jar (DDJ) was used to examine the flocculation performance of lignin-g-P(AM)-g-P(DADMAC) copolymer for kaolin suspension. Firstly,4 50 mL of deionized water was poured into the DDJ without any mesh. The system circulated water through PDA and DDJ for 10 min to reach as teady flow. Then, 50 mL of 2.5 wt %k aolin suspension was added whilst stirring at 200 rpm. The kaolin suspension was circulated in the system continuously at af low rate of 50 mL min
À1
.A fter reaching steady state, the lignin-g-P(AM)-g-P(DADMAC) copolymer,P (AM)-g-P(DADMAC), or lignin solution with 1gL À1 concentration was added into the DDJ at different dosages of 0.2-2.4 mg g À1 to induce the flocculation process. The degree of flocculation was presented as ar elative turbidity with respect to the turbidity of kaolin suspension.
